Solution processed perovskite solar cells are an exciting development in the field of photovoltaics achieving power conversion efficiencies of over 20%. Nevertheless, stability issues are still limiting the successful entry of this technology into the PV market. Rapid degradation has been observed and reported as the result of different factors, such as light, humidity and temperature, simultaneously present during real operation. It is felt within the PV community that proper, effective encapsulation is one of the key contributors to increasing perovskite lifetimes. This work presents a simple and effective method based on RGB (red, green, blue) colour measurements to track perovskite degradation to lead iodide (PbI 2 ) using time lapse photography and thus evaluate the effectiveness/reliability of different encapsulation methods and materials. This technique gives a clear indication of when the perovskite has fully degraded and the impact of different encapsulants on degradation rate. This is supported by other analytical techniques, such as UV-Vis spectroscopy and XRD.
Introduction
Perovskite solar cells (PSC) present an exciting trend in the field of 3rd generation solar technologies [1, 2] . Within 4 years they have increased from 4% [3] power conversion efficiency (PCE) to over 20% [4] . They make use of solution processing resulting in potentially facile fabrication routes leading to manufacturing processes using scalable techniques such as bar coating and screen printing. However, major challenges to commercial uptake remain, mainly related to the toxicity of the lead anion and the long term stability. The mesostructured PSC architecture, i.e. fluorine doped tin oxide/blocking layer/mesoporous oxide layer/(CH 3 NH 3 PI 3 (MAPI) or CH 3 NH 3 PbI 3−x Cl x (MAPIC) perovskite/spiro-OMeTAD hole transport layer/gold, is understood to both quickly degrade in high humidity (>50% RH) [5] and be unstable in one sun light levels even in a moisture free environment [6] . Much work has been undertaken to improve the stability of PSCs [7, 5, 8, 9, 10, 11, 12, 13] , either through changing layers within the PSC for more stable alternatives or trying to effectively encapsulate the cells from the external environment. Regarding the latter approach, Leijtens et al [14] were able to demonstrate almost completely stable photocurrent on glass and epoxy encapsulated alumina-based MAPIC cells, after light soaking for 1000 hours under 1 sun, AM1.5 illumination, at 40 • C. The cells did however still suffer a 50% loss in efficiency in the first 200 hours, due primarily to losses in FF and Voc, likely related to the corrosion of the silver back contact. Hwang at al [15] reported a simple hydrophobic passivation process, using a Teflon layer applied via spin-coating, to increase PSC long term stability in air and ambient conditions for 30 days. The passivated cells even showed water-repellent property, when submerged under water for few seconds. Matteocci et al [16] employed a thermoplastic foil and a glass cover to encapsulate a MAPIC module. After an initial drop in the efficiency, the device showed to be stable for about 300 hours under 1 sun, AM1.5 irradiation, at 40 • C. A more advanced encapsulation technique, borrowed from the organic light emitting diode (OLED) technology, consists of a cover glass and UV epoxy sealing with the addition of a piece of desiccant, placed below the cover glass, with the aim of absorbing any water that may permeate through the UV resin. This combination improved the device stability of MAPI cells [17, 18] but still significant degradation after prolonged aging at high temperature and humidity could be observed, mainly due to the decomposition of MAPI in the presence of water. In some cases, cell encapsulation and changes in working materials were combined, Habisreutinger et al [19] had success when they replaced the spiro-OMeTAD HTM with carbon nanotubes functionalised with P3HT and PMMA. Using these newly functionalised cells, they were able to demonstrate MAPIC cell stability even when exposed to running water and to temperature as high as 100 • C. Mei et al [20] manufactured dual metal oxide PSCs, printing TiO 2 , ZrO 2 and a 10 µm thick carbon back contact, which also served as an encapsulant, achieving over 1000 hours of stability in full sun conditions. It is clear that the width and breadth of encapsu-lation materials that could apply to PSCs is large and will include at some point also very advanced techniques for thin film encapsulation, such as ALD and CVD, already developed and adopted for OLED and OPV [21, 22] . To test and prove their effectiveness on complete cells may require a long time and copious resources in terms of substrates and active materials. Here we present a direct and straight forward method for screening different encapsulants by using time lapse photography on perovskite layers only and the change in RGB values to monitor their degradation, the use of colour change as a tool for identifying degradation phenomena in solution processed solar cells has been used previously to demonstrate dye uptake and corrosion of metal substrates in dye-sensitized solar cells [23, 24, 25] . The RGB analysis is supported and confirmed by other analytical techniques, such as UV-Vis and XRD. Stability tests are finally carried out on complete cells, using only the most promising encapsulation solutions, thus saving time and materials. . Unless otherwise noted, the epoxy used throughout this work is the Alpha Adhesives SA5520 Marine Epoxy as both epoxies gave comparable results in initial studies. A cross section for each sample is also shown in order to highlight differences such as edge seal or overall layer.
Experimental
All perovskite films were deposited onto FTO glass (Solaronix, TEC 7) via spin coating from a solution of MAPbI 3−x Cl x precursor (3:1 molar ratio of MAI to PbCl 2 ), 40%wt perovskite in DMF (99.8% anhydrous, Sigma Aldrich) and annealed for 90 minutes at 100 • C and 10 minutes at 120 • C. The edges of all samples were cleaned using a solution of chlorobenzene and DMF. Gaskets of 25 µm Surlyn (2.5 mm wide) were melted using a hot press at 100 • C for 20 s to attach the glass cover on the samples. To obtain the same width of both epoxy seals, 0.3 ml of epoxy per sample were syringed around the edge of the perovskite. The PET films were double tape casted with PSA applied all over the area and dried on a hot plate for 70 • C for 15 mins and 120 • C for 5 mins. The polycarbonate (PC) and PMMA solutions were deposited via spin coating from a solution of 60 mg/ml PC in chlorobenzene and 50 mg/ml PMMA in toluene respectively. Both perovskite deposition and encapsulation were carried out inside a N 2 glovebox. The time lapse photography was completed in an Ortery Photosmile 200 light box, using a Canon EOS compact systems camera. The spectral output of the lightbox is 3580 lux, measured with a meter and is shown alongside the lightbox system itself in figure 2. We focused our work on these particular environmental conditions but irradiation, humidity and temperature can be changed, for example to meet ISOS standards [26] and the method will still be valid.
During the time lapse photography, images were captured every 10 minutes, the colour change analysis was performed using Sigmascan software which scanned a set area of each picture and returned the average RGB values. The completed cell stacks were manufactured on FTO glass by spraying a compact blocking layer from a 10% solution of TiAcAc (titanium diisopropoxide) in IPA sintered at 550 • C for 60 minutes. A mesoporous titania layer was deposited via spin coating a commercial titania paste Dyesol 18NRT (diluted 2:7 parts by weight in ethanol) and sintered for 60 minutes at 550 • C. The perovskite layer was deposited via spin coating from a solution of MAI (421mg/ml), PbCl 2 (243mg/ml) and DMF and annealed for 90 minutes at 100 • C and 10 minutes at 120 • C in a N 2 atmosphere. The HTL was deposited via spin coating of a solution 8% by weight spiro-OMeTAD in chlorobenzene with 10 µl/ml tBP and 32 µl/ml of 600mM Li-TFSI in acetonitrile added. The Au contacts were evaporated using an Edwards 306 bell jar evaporator. J-V curves were measured on cells with an active area of 0.09 cm 2 under 1 sun using an Oriel Sol3A solar simulator (94023A). A Lambda 750S UV-vis-NIR spectrophotometer (Perkin Elmer) was used to measure the absorbance. X-ray diffraction data of perovskite films after different amounts of light soaking were collected on a D8 Discover (Bruker, Germany) X-ray diffractometer with a Cu Kα source (λ = 1.5418Å). The step time was 0.2s.
Results and Discussion
The degradation phenomenon being studied here is the decomposition of MAPIC films, catalysed by moisture and light, which leads to the formation of PbI 2 and to an evident change in film colour from black/dark brown to yellow [19] , according to the reaction:
The RGB colour model is an additive system capable of expressing a vast array of colours with separate red, green and blue values. It has been adopted here to track precisely any changes in colour shown by the perovskite films and likely ascribable to the reaction shown above. Similarly to MAPIC, any other perovskite material, whose colour change is known to be associated with its degradation, such as methylammonium lead triodide [28] and mixed iodide-bromide [29] can be analysed by RGB method The time lapse photography technique and RGB analysis of the automatically collected images presented here provide knowledge on the degradation timescales of perovskite layers when encapsulated and exposed to ambient conditions (room temperature, 30 to 40% humidity), under illumination from the compact fluorescent lights within the testing chamber at 3580 lux for over 1000 hours. In general the degradation progresses from the edges towards the centre, suggesting edge seal is critical, even when glass, a perfect barrier, is used as top encapsulation. PMMA and both epoxy resin encapsulation methods (second, fourth and fifth pair from top left) prove to protect effectively the perovskite film, preventing successfully PbI 2 formation. To quantify the degradation of the perovskite films and compare different encapsulation solutions, RGB changes for each couple of samples were extracted, using Sigmascan software which scanned a set area of each picture and returned the RGB values and plotted. To demonstrate this process figure 4 shows the RGB change of an unencapsulated MAPIC perovskite film over 1000 hours in the light box. Values from every 12 hours are presented for the first four days and every 24 hours for the rest of the test. After the initial drop observed for all colours in the first hundred hours, corresponding to an increase in the darkness of the perovskite colour, the average blue maintained an almost constant value while both average green and average red increased quickly until reaching a plateau from 500 hours onwards. Since the trend is similar for both and for the sake of clarity, the average green values only will be reported hereafter, as sufficiently representative of the overall change in colour of the perovskite film, generally from black/brown to yellow. The change in green colouration of all films over time is shown in figure 5 .
The background RGB values were also taken into account to check for external factors which may have affected the data collection. Areas between two samples but including the glass on the sample edge were considered for the background RGB measurements since the bare glass substrates would not suffer any colour change unless deriving from external causes. Possible fluctuations of the bulbs irradiation over time inside the light box would be thus taken into account. No significant variation in the background readings with time and no presence of a significant dip (or darkening) in the first hundreds hours were observed. Still, the background values were subtracted from all the RGB plots reported hereafter. The dip in the average green value for the unencapsulated MAPIC film ( Fig. 4 b) is also present in the epoxyand PMMA-encapsulated samples, as reported afterwards. This seems to suggest that a real change takes place in the perovskite films, possibly a final curing step for the perovskite when exposed to light. In order to confirm the degradation mechanism as that of the formation of PbI 2 XRD analysis was undertaken on two selected samples showing significantly different outcomes; the unencapsulated film, which had gone to yellow by 1000hrs and PMMA, which had maintained its original brown/black colour at 1000hrs, shown in figure 6. MAPIC perovskite peaks at 14 θ, 28 θ and 32 θ [17] progressively decrease for the unencapsulated samples whilst they remain stable for PMMA films, over the whole 1000 hour period. Interestingly, for both type of samples, the PbI 2 peak at 12.7 θ is present at the start of the experiment, confirming an incomplete conversion to MAPIC during the annealing of the films, prior to light soaking.
The evolution with time of the PbI 2 XRD peak, as a measure of the perovskite degradation rate, is reported in Figure 7 for the unencapsulated, PMMA-and polycarbonate-encapsulated samples. By 400 hours in the light box, the PbI 2 count in the unencapsulated sample reaches its maximum and is four and five times the amount in the polycarbonate and PMMA samples respectively. After 1000 hours, PMMA samples evolve less than 1.5 times their original amount of PbI 2 , confirming the PMMA to successfully prevent moisture reaching the perovskite surface. The final PbI 2 count for the unencapsulated samples is approximately half that of the maximum count, registered at 400 hours. This is on account of the perovskite being fully converted to PbI 2 and the PbI 2 then starting to break down and lose crystallinity to leave a smaller measurement at 12.7 θ .
Interestingly, a drop in the PbI 2 peak cannot be observed in the first hundred hours for any of the samples (Fig. 7) , implying no final curing step has taken place inside the light box. More likely, lead iodide has been present in the unencapsulated samples from the beginning of light soaking and then additionally produced but it is not picked up by the colour change analysis until a significant amount of lead iodide causes a rapid change in colour. This confirms that the initial dip in Figure 4 for unencapsulated films and in figure 5 for other types of encapsulation is probably not linked to the amount of lead iodide in the samples. The PSA/PET samples only do not show any dip, since PSA causes extremely rapid degradation, thus quick colour change, of the perovskite, probably due to additional oxygen and moisture trapped within the PSA. By closely examining the time lapse photographs ( figure  3) , the degraded PSA-encapsulated samples appear only partially converted into PbI 2 , revealing a possible inhomogeneity in the thickness of the bar casted adhesive: the degradation starts and is enhanced where the PSA is thicker. As a result, the colour change in the PSA samples is slower over all but quicker to begin with than the unencapsulated samples. To demonstrate the consistency of the RGB analysis, the optical absorbance of the same samples were recorded at different times. Figure 8 shows the change over time of both the average green value and the UV-Vis absorbance at 600 nm, the wavelength just below the first absorption peak for MAPIC perovskite, thus representing a crucial region, usually affected by a significant drop as confirmed by the UV-Vis spectra reported in figure S0 . Small changes in average green and absorbance values lead to almost parallel lines, confirming a potentially successful encapsulation, namely PMMA and epoxy (Fig. 8,  c and d) . On the contrary, intersected curves mean MAPIC degradation to PbI 2 was observed, even if at different rates: the absorbance of PSA/PET samples ( Fig. 8 b) decreased initially faster than the unencapsulated samples (Fig. 8 a) and after 350 hours at a slower rate.
In order to validate the effectiveness of the encapsulation methods discussed on the perovskite film component only, full cell stacks were encapsulated using glass covers and epoxy or Surlyn. Non-encapsulated cells were also prepared, as control/reference, and tested along with the encapsulated ones. PMMA solution was also employed, however the cells did not function following encapsulation, unfortunately the chlorobenzene used as solvent is incompatible with the spiro-OMeTAD layer. This expected result proves that a material passing the RGB analysis is only a potentially good encapsulant and highlights the need for further tests on complete cells after the preliminary screening on perovskite layers only. Stability tests in terms of power conversion efficiency were carried out on the devices, conducted by storing the cells both in the dark, at ambient conditions (room temperature, average RH of 60%), and under continuous illumination, at 3580 lux from fluorescent lamps, at room temperature and 34% average RH ( figure S1 ). There is a dramatic difference between the dark and light soaking data. In the dark test, Surlyn-encapsulated and unencapsulated cells reported a similar drop in the efficiency (35-36%) after 1000 hours. The epoxy encapsulated cells instead lose less than 5% from their original PCE value, proving a better environmental barrier than Surlyn. When exposed to light soaking, all cells experienced faster and more severe degradation mainly ascribable to a drop in photocurrent, which in turn can be linked to degradation of the perovskite and/or spiro-OMeTAD layer. Unencapsulated and Surlyn-encapsulated cells dropped to around one seventh of their original PCE within one day. The epoxy-encapsulated cells provided slightly more resistance with cells still giving small amounts of current after 350hours but still having dropped to less than half of their PCE in 120 hours. As the degradation took place in the encapsulated and unencapsulated alike, it is believed that a different component of the cell than the perovskite caused the degradation. RGB analysis of the whole device stack (figure S2) seems to validate this. The epoxy encapsulated cells showed very little sign of visual degradation, as reported by time lapse photography, still their performance degraded significantly (Figure S1.F), likely due to other faster or more severe degradation phenomena than the perovskite transformation into lead iodide. Further verification of this is however out of the scope of this work which aims to present a new test method. Nevertheless, further in depth studies are ongoing.
Conclusions
This work presents a simple and effective method for studying the degradation of perovskite films via RGB colour analysis. By simply analysing the images taken at given intervals and extracting the RGB values, it provides a simple test for rapidly screening many types of encapsulation and discovering their potential effectiveness. The RGB analysis was supported by XRD and UV-Vis measurements which demonstrated the effectiveness of the method, in terms of simplicity and time-saving. If an encapsulant does not protect the perovskite layer, it is likely that it will not provide protection for complete cells either. Therefore, only few encapsulation solutions that passed the test were chosen as the most promising to be further tested in complete cells, reducing to less than one third the devices required for the experiment. Nevertheless, passing this test is a necessary but not sufficient condition for defining good encapsulation, as reported here for PMMA, epoxy resins and thermoplastic (Surlyn) when applied to complete cells. The devices demonstrated good RGB stability for single perovskite layers and even for complete devices if stored in air and dark at ambient conditions however they suffered a relevant drop in performance when exposed to light, in agreement with the literature for the same architecture of cells and set of materials.
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